Breast cancer · Cancer-associated fibroblasts · Biomarker · Gene · Prognosis Summary Background: The aim of this study was to investigate the expression of caveolin-1 (Cav-1) in cancer-associated fibroblasts (CAFs) and to explore its correlation with clinicopathologic parameters and prognosis. Materials and Methods: Cav-1 expression was detected in the stroma of 143 patients with breast cancer, 10 patients with ductal carcinoma in situ (DCIS), and 10 normal breast tissue samples. Results: Overexpression of stromal Cav-1 in breast cancer was associated with histological type, low histological grade, estrogen receptor (ER) negativity, and molecular subtypes. The expression rate of stromal Cav-1 in breast cancer (65.7%, 94/143) was significantly higher than that of DCIS (0%, 0/10) and normal breast tissue (0%, 0/10) (p = 0.000). A positive correlation was found between stromal Cav-1 and ER (p = 0.046, rs = 0.218). Stromal Cav-1 expression in luminal B was significantly higher than in basal-like type (p = 0.048). Furthermore, stromal expression of Cav-1 was significantly correlated with the 5-year survival rate (p = 0.029), and it was an independent prognostic factor (p = 0.009). Conclusion: Cav-1 expression in CAFs was correlated with histological type, histological grade, ER status, and molecular subtypes in breast cancer. Stromal Cav-1 expression was an independent prognostic factor, and the absence or reduction of Cav-1 expression in stromal CAFs of invasive breast cancer predicts poor prognostic outcome.
Summary
Background: The aim of this study was to investigate the expression of caveolin-1 (Cav-1) in cancer-associated fibroblasts (CAFs) and to explore its correlation with clinicopathologic parameters and prognosis. Materials and Methods: Cav-1 expression was detected in the stroma of 143 patients with breast cancer, 10 patients with ductal carcinoma in situ (DCIS), and 10 normal breast tissue samples. Results: Overexpression of stromal Cav-1 in breast cancer was associated with histological type, low histological grade, estrogen receptor (ER) negativity, and molecular subtypes. The expression rate of stromal Cav-1 in breast cancer (65.7%, 94/143) was significantly higher than that of DCIS (0%, 0/10) and normal breast tissue (0%, 0/10) (p = 0.000). A positive correlation was found between stromal Cav-1 and ER (p = 0.046, rs = 0.218). Stromal Cav-1 expression in luminal B was significantly higher than in basal-like type (p = 0.048). Furthermore, stromal expression of Cav-1 was significantly correlated with the 5-year survival rate (p = 0.029), and it was an independent prognostic factor (p = 0.009). Conclusion: Cav-1 expression in CAFs was correlated with histological type, histological grade, ER status, and molecular subtypes in breast cancer. Stromal Cav-1 expression was an independent prognostic factor, and the absence or reduction of Cav-1 expression in stromal CAFs of invasive breast cancer predicts poor prognostic outcome.
Introduction
Carcinoma cells grow in a compound tumor microenvironment composed of fibroblasts, pericytes, endothelial and inflammatory cells, extracellular matrix, and secreted diffusible growth factors/cytokines [1, 2] . Caveolins are the principal protein component of caveolae which are located at the cell surface of the above cell types [3] . Under normal physiological conditions, the stroma serves as an important barrier to malignant transformation. However, its role changes during neoplastic transformation when it facilitates cancer cell invasion and progression instead [4] . Recently, it was indicated that fibroblasts isolated from tumor stroma can promote tumor growth compared with normal stroma. This population of tissue fibroblasts has been termed 'cancer-associated fibroblasts' (CAFs) and is characterized by a hyperproliferative phenotype. These cells secrete increased amounts of growth factors, extracellular matrix components, and matrix metalloproteinases [5] . CAFs also show an ability to prevent cancer cell apoptosis, induce cancer cell proliferation, and stimulate tumor angiogenesis [6] . Some studies of breast carcinomas showed that CAFs mixed with epithelial carcinoma cells are more proficient than normal fibroblasts at enhancing tumor growth, and give rise to highly vascularized tumors in vitro [7] .
To date, the mechanisms that govern the conversion of benign mammary stromal fibroblasts to CAFs are poorly understood, and their relationship with disease outcome has not been addressed. Down-regulation of caveolin-1 (Cav-1) is one of the mechanisms implicated in the oncogenic transformation of fibroblasts. Cav-1 plays a major role in tumorigenesis through its various functions such as lipid transport, membrane trafficking, gene regulation, and signal transduction. Using primary cell cultures established from surgically excised breast tumors, researchers recently found that Cav-1 is downregulated in human breast CAFs when compared with matching normal fibroblasts isolated from the same patient [8] . In addition, orthotopic transplantation of Cav-1+/+ tumor tissue into the mammary stroma of Cav-1-/-null mice results in up to a 2-fold increase in tumor mass, functionally demonstrating that the mammary stroma of Cav-1-/-mice behaves as a tumor promoter [9] . However, there is no study specifically addressing the clinical significance of stromal Cav-1 expression in CAFs of invasive breast cancer in vivo. The aim of this study was to evaluate the in vivo stromal Cav-1 expression in CAFs in a large series of invasive breast carcinomas, and to examine the association between stromal Cav-1 expression, clinicopathologic variables, and patient outcome. In recent studies, it was shown that Cav-1 was expressed in many stromal components of the tumor microenvironment including the extracellular matrix, as well as in various cell types including fibroblasts, vascular endothelial cells, adipocytes, immune cells, and inflammatory cells. To clarify the relationship between Cav-1 expression in CAFs and breast cancer progression or suppression, we examined tissue sections specifically for Cav-1 expression in stromal CAFs. CAFs were identified with α-SMA as a marker to evaluated the Cav-1 expression level. Our findings indicate that stromal Cav-1 has a potential role as a new CAFs marker for predicting outcome of breast cancer progression as well as being a possible therapeutic target. In accordance with the TNM staging system, 22 cases were stage I, 71 cases were stage II, and 50 cases were stage III. All invasive carcinomas were graded according to the method described by Elston and Ellis [10] : 29 cases grade 1, 65 cases grade 2, and 49 cases grade 3. According to standard breast cancer molecular subtypes, 35 cases were luminal A (estrogen receptor-positive (ER+) and/or progesterone receptor-positive (PR+), human epidermal growth factor receptor 2-negative (HER2-), ki-67 < 13.25%), 31 cases were luminal B (ER+ and/or PR+, HER2+), 36 cases were of HER2 overexpression type (ER-and PR-, HER2 +), and 9 cases were basal-like (ER-and PR-, HER2-, CK5/6+). The median follow-up time for all survivors was 4.9 years (> 30 days to 18.5 years).
Materials and Methods

Patients and Tissue Samples
Immunohistochemistry
Cav-1 expression in the tumor stroma was assessed by using a standard EnVision TM immunoperoxidase method (EnVision reagent (HRP/Rabbit) and DAB kit purchased from Dako, Glostrup, Denmark) with rabbit polyclonal anti-caveolin-1 IgG dilution 1:3,000 (ab18199; Abcam Biotechnology, Cambridge, UK), and α-SMA dilution 1:2,000 (Epitomics Inc., Burlingame, CA, USA). For negative control, samples were processed as above but treated with phosphate-buffered saline instead of primary antibody. Colon cancer tissue served as positive control. Cav-1 expression was then evaluated in a semiquantitative manner. Only membranous with or without cytoplasmic staining was considered specific, with α-SMApositive stromal cells being CAFs. If stromal cells showed no α-SMA expression, Cav-1 was not evaluated. Staining was scored semiquantitatively as negative (0; no staining or staining in less than 10% of stromal cells), weak (1; either diffuse weak staining or strong staining in less than 40% of stromal cells), or strong (2; strong staining of 40% or more of the s tromal cells).
Fluorescence In Situ Hybridization
To assess the HER2 gene copy number, fluorescence in situ hybridization (FISH) probes were provided by GP Medical Technologies (Beijing, Breast Care 2012;7:477-483
Caveolin-1 in CAFs Predicts Outcome in Breast Cancer 479 China), with the HER2 probe labeled in red (rhodamine) and the chromosome 17 centromere-specific probe (CSP17) in green (fluorescein isothiocyanate). Probes were premixed and predenatured in hybridization buffer for ease of use. Nuclei were counterstained with intercalating fluorescent counterstain 4'-6'-diamidino-2'-phenylindole (DAPI). The HER2 amplification ratio was calculated as: HER2 total signal count/chromosome 17 total signal count. Presence of HER2 amplification was defined as an HER2 amplification ratio of greater than 2.2.
Statistical Analysis
Statistical analysis of the obtained data was performed using SPSS software, version 16.0 (SPSS Inc., Chicago, IL, USA). Associations between the presence of stromal Cav-1 and other factors, including patient age, tumor grade, tumor size, lymph node status, histological subtype, ER, PR, HER2, and molecular subtypes were evaluated using the Pearson's chisquared test. The Kaplan-Meier method was used to estimate overall survival, and differences in outcome for each variable were compared with the log-rank test. Multivariate analysis of factors affecting survival was performed using a Cox proportional hazard model. All statistical tests were two-sided, and p < 0.05 was considered to be statistically significant.
Results
Caveolin-1 Expression
Cav-1 in normal breast tissue was determined by immunostaining of tissue samples from 10 healthy individuals using a rabbit polyclonal antibody. Cav-1 immunoreactivity was observed in stromal fibroblasts and in myoepithelial cells underlying the luminal epithelial cells. Adipocytes and vascular endothelial cells were also positive for Cav-1. However, no evidence of Cav-1 expression was found in luminal epithelial cells. Consistent with our findings, a number of other reports describe the specific localization of Cav-1 to breast myoepithelial and stromal cells, but not luminal epithelial cells [11] . When Cav-1 expression was determined in 143 cases of invasive breast cancer, 45 (31.5%) showed weak, 50 (35.0%) moderate, and 48 (33.6%) strong staining. 10 cases of DCIS and interstitial cells showed no Cav-1 expression; Cav-1 in the interstitium was mixed with varying amounts of irregular banded expression of interstitial infiltrating ductal carcinoma was negative in cases of Cav-1 show the number of CAFs little or large hyperplastic collagen associated with some regions of the low differentiation of breast cancer is more common. In ILC stroma, Cav-1 expression was low with only 9 positive cases. Basal-like breast cancer cells show weak Cav-1 expression ( fig. 1 A-F) .
Correlation Studies
When comparing Cav-1 stromal and α-SMA expression and correlation with the 2-sample rank sum test, the same levels were found in 139 cases, and Cav-1 expression was higher than α-SMA in 17 cases and lower in 7 cases; Z test statistics were 0.449, p = 0.653. There was no significant difference between the 2 groups confirming that Cav-1 is expressed at similar levels as α-SMA. Cav-1 expression is located in the stroma of breast cancer CAFs. 10 cases of normal breast DCIS and 10 cases of interstitial fibroblasts showed no α-SMA expression and Cav-1 showed very little expression (positive cells < 5%, so determined to be negative). The relationship between standard prognostic factors and other molecular markers with Cav-1 expression in the CAFs is shown in table 1. Cav-1 stromal staining was associated with histological type, histological grade, ER+, and molecular subtype. In IDC and mixed carcinoma, the positive rate of Cav-1 within the stroma was significantly higher than in ILC (both p = 0.000). The positive rate of the ER+ group of mesenchymal Cav-1 was at 74.2% higher than that of the ER-group (52.8%); the difference was statistically significant (p = 0.046). Stromal expression of Cav-1 was negatively correlated (1/9), with the luminal B Cav-1-positive rate being significantly higher than that of the basal-like subtype (p = 0.048). expression of Cav-1 in CAFs in the primary tumor microenvironment is associated with improved outcome in breast cancer ( fig. 2 ). Prognostic factors in the stratified survival analysis for invasive ductal carcinoma were TNM stage I, ER+, lymph node metastasis N1 (number of metastatic lymph nodes 1-3); 5-year overall survival was significantly lower in the case of low or absent Cav-1 expression in stromal breast cancer CAFs than with high expression (figs. 3-6). histological type of breast cancer, with ILC showing significantly lower expression than IDC and mixed carcinoma, and the differences were statistically significant (p = 0.000). Although Perrone [16] reported that 42% of ILC expressed Cav-1, we found that Cav-1 was not expressed in 19 cases of ILC. Stromal Cav-1 was negative in 10 patients, with the other 9 cases being 1+. However, the different results may be related to the use of different antibodies. There are still no study data indicating that stromal Cav-1 expression in ILC and IDC is significantly different, which may be due to fewer ILC cases. We collected only 19 cases, and would require more samples for larger sample comparison. Since ER, PR, and HER2 expression have long served as important epithelial biomarkers for stratifying breast cancer patients into different diagnostic and therapeutic groups, we also assessed the status of stromal Cav-1 in these different patient groups within our cohort. Strikingly, we observed that overexpression of stromal Cav-1 effectively predicts good clinical outcome in the ER+ groups. Regarding the molecular subtypes, Cav-1 expression in the luminal B subtype was significantly higher than in the basal-like subtype. Based on the stromal Cav-1 expression in CAFs being divided into 3 categories -0, 1+, and 2+ -breast cancer patients can be stratified into 3 risk groups: high, moderate, and low risk. Low or absent expression in CAFs of breast cancer patients indicates a poor prognosis. We have excluded confounding factors for survival time, with the prognostic factors of stratified survival analysis in invasive ductal carcinoma being TNM stage I, ER +, and lymph node status N1.
The 5-year survival rate of breast cancer patients was significantly lower with low Cav-1 expression than with high expression, which is in agreement with the results of Witkiewicz et al. [12] . Thus, the status of the tumor stroma may be a primary determinant of disease recurrence and poor clinical outcome in breast cancer patients. It suggests that we should be more actively targeting the tumor stroma in our therapeutic interventions.
Recently, Witkiewicz et al. [17] observed that the loss of stromal Cav-1 expression also has a predictive value for the clinical outcome in DCIS patients, regarding progression to invasive breast cancer. While the mechanisms that regulate Cav-1 production in tumor-associated stromal tissue remain unclear, it is possible that tumor cell signaling is involved in this process. Loss of Cav-1 in stromal cells may be regulated by signals originating from transformed epithelial cells to enable tumor cells to escape the growth-suppressing properties of the stroma. This may promote growth, migration, or invasion of the epithelial tumor cells. Methylation silencing may explain the loss of Cav-1 expression in stromal tissue [18] and is the subject of ongoing studies, as is the nature of the paracrine signaling between stromal and tumor cells that occurs in the presence of Cav-1. In addition to its value at first diagnosis, CAFs Cav-1 expression may be an effective prognostic
Discussion
In this study, we evaluated the expression of Cav-1 in the CAFs of invasive breast carcinomas and demonstrated that low Cav-1 expression is a strong predictor of tumor recurrence and dramatically lower progression-free survival. In vitro, some researchers used primary cell cultures established from surgically excised breast tumors, and demonstrated that Cav-1 is down-regulated in human breast CAFs when compared with matching normal fibroblasts isolated from the same patient [11] . Recently, a study confirmed that no association existed between Cav-1 expression in the epithelial compartment and clinical outcome. However, high levels of Cav-1 in the stromal tissue surrounding the tumor, rather than within tumor cells, were strongly associated with reduced metastasis and improved survival. Although stromal Cav-1 expression has been extensively studied in breast carcinomas, only few studies exist on the expression and significance of Cav-1 in the stroma of invasive breast carcinomas in vivo [12, 13] . Another study showed that absence of stromal Cav-1 was associated with early disease recurrence, advanced tumor stage, and lymph node metastasis, resulting in a 3.6-fold reduction in progression-free survival. However, to date, there is no study to confirm stromal Cav-1 expression in CAFs in vivo and a role of Cav-1 as a new marker instead of α-SMA. The studies presented here show that α-SMA is a specific marker for CAFs, but normal fibroblasts were negative in normal breast tissue. There was no significant difference between stromal expression of Cav-1 and α-SMA (p = 0.653) confirming that Cav-1 expression levels are similar to α-SMA expression levels, and Cav-1 is also exactly located in the stroma of breast cancer CAFs.
Our results presented here show that the presence of Cav-1-positive CAFs in the primary tumor microenvironment is associated with improved outcome in breast cancer. Cav-1 expression in tumor-associated fibroblasts was related to lower tumor grade and improved staging at diagnosis. Consistent with this, 5-year survival rates were significantly better in patients with Cav-1-positive CAFs. Multivariate statistical analyses attributed improved 5-year survival rates to elevated stromal Cav-1, independent of other established prognostic factors. These findings suggest that expression of Cav-1 in CAFs may be a new prognostic factor for long-term breast cancer survival.
In sporadic carcinomas, a strong association was found between Cav-1 expression and a basal-like phenotype, since 52% of tumors that expressed Cav-1 had this phenotype [14] . We found that 9/9 cases were of the basal-like subtype, close to a report that the Cav-1-positive rate in the basal-like subtype was 89.7% (35/39) [14] . In the latter cohort, Cav-1 expression was significantly associated with shorter disease-free and overall survival on univariate analysis in basal-like breast cancer [15] . Cav-1 expression in CAFs was associated with the
